We evaluate the s-wave interaction of pseudoscalar and vector mesons with both charm and beauty to investigate the possible existence of molecular BD, B * D, BD
we also find similar bound states in I = 0, but much less bound, which would correspond to exotic meson states withb andc quarks, and for the I = 1 we find a repulsive interaction. We also evaluate the scattering lengths in all cases, which can be tested in current investigations of lattice QCD.
INTRODUCTION
The present situation of the mesons with one quark of type b and an antiquark of type c, B c mesons, is still at an early beginning. There are just two states reported in the PDG (Particle data Book) [1] , the B c (6275) and the B c (2S)(6842). This contrasts with the situation in the bottom strange sector, where we have the states B s (5367), B * s (5415), B s1 (5830), B s2 (5840), B s2 (5850) and in the charm strange sector where there are already ten D s states reported, with an average separation between the masses of about 100 MeV. By contrast, the only two B c states reported are separated by nearly 600 MeV. Lattice QCD has also made a contribution to the heavy meson sector, investigating possible tetraquarks or molecular states [2] [3] [4] [5] [6] , however, none of them deals with the BD quantum numbers.
It is clear that many states are missing which most hopefully will be discovered in coming years. An idea of the advance made in time is the addition of three new D s states since the 2008 edition of the PDG [7] and one B c state. Yet, the advent of LHCb has made the prognosis brighter, one recent example being the determination of five new Ω c states [8] .
Although some of the states expected should correspond approximately to thestandard structure of the mesons, the irruption of so many XYZ states [9] , which do not fit into the traditionalpicture, motivated a large number of theoretical studies that go beyond this picture, invoking especial quark configurations [10, 11] , tetraquarks [12] [13] [14] [15] or meson meson molecules [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Mixtures of charmonium states and molecules have also been investigated [35] and methods to disentangle the nature of the states have been suggested [36] [37] [38] [39] [40] . Reviews on these issues are available in Refs. [41] [42] [43] .
In the present work we take the case of the interaction of B(B * ) and D(D * ) mesons, an also the corresponding cases withD(D * ). Given the analogy of the B meson with a K meson, the states we study have an analogy with the DK, DK * , D * K interactions. According to Ref. [20] the DK channel is the main building block of the D * s0 (2317), something that is corroborated by the analysis of lattice QCD results in the light-heavy sector [44] . Similarly, the D * K component appears as the main building block of the D s1 (2460) in Ref. [45] , which is again corroborated by the lattice QCD study of Ref. [44] . And in Ref. [45] one also finds that the D s1 (2536) resonance is mostly formed from the DK * component. Similarly the D * K * interaction appears as the main building block of the D * s2 (2573) in Ref. [46] . The D * D * interaction is also studied in Ref. [21] and bound states are reported there. In view of that, it is reasonable to expect bound states of the B(B * )D(D * ) systems, which we study in the present work. The formalism that we use is the local hidden gauge approach [47] [48] [49] [50] , which combines pseudoscalar and vector mesons, properly extended to the heavy quark sector [21] . The interaction stems from the exchange of vector mesons between the interacting mesons, and in the limit of small momentum transfers this gives rise to the chiral Lagrangians in the light quark sector. An example for the interaction of vector-pseudoscalar is given in Ref. [50] where it is shown that it gives rise to the chiral Lagrangian of Ref. [51] . It is also interesting to mention that the exchange of light vector mesons between hadrons involving heavy quarks respects heavy quark symmetry [52] as shown in Refs. [24, 53] .
We find that all the four systems lead to bound states in I = 0, and in the case of B * D * there are three spin states, degenerate in energy within the model. We also study the B(B * )D(D * ) systems and here we find that there is attractive interaction in I = 0 and repulsive in-
BD interaction via vector-meson exchange teraction in I = 1. In the case of I = 0 we also find bound states which would be neatly exotic since they contain ā b and ac quark. We also evaluate the scattering lengths in all cases, since lattice QCD calculations start providing such observables in the heavy quark sector [54] [55] [56] [57] and they have proved useful to constraint parameters in effective theories [58] .
FORMALISM Elementary interaction via vector-meson exchange
One of the most successful realizations of chiral symmetry when vector mesons are involved is the hidden gauge symmetry (HGS) formalism [47] [48] [49] [50] , where the vector meson fields are gauge bosons of a hidden local symmetry transforming inhomogeneously, and is the most natural way to account for vector meson dominance. The extension of the HGS approach to the charm [21, 46] and beauty quark sector [22, 23, 46] has turned out to be very useful to deal with meson-meson and meson-baryon interactions involving hidden and open charm and beauty mesons and baryons. Furthermore it has been also shown in Refs. [24, 53] that HGS respects the heavy quark spin symmetry (HQSS), which is the symmetry of QCD by means of which for heavy quarks their interaction is independent of the spin.
Let us illustrate the formalism with the BD channel, since the other ones are analogous and the peculiarities of the different channels will be pointed out when necessary. In the HGS approach, the BD interaction would proceed through the exchange of a vector meson, as depicted in Fig. 1 . The exchange of light vector mesons, ρ and ω are by far the dominant ones since the vector propagator contributes as 1/m 2 V and thus possible exchange of vector mesons containing heavy flavors are very suppressed. We thus need the vector-pseudoscalar-pseudoscalar (V P P ) Lagrangian
where g = M V /2f , M V is the vector meson mass, with f = 93 MeV the pion decay constant, and · · · stands for SU (4) trace. Since the strange quark is not needed in the present work, it is sufficient to write the P matrix in Eq. (1) in SU(4) (u, d, c and b flavors) and is given by
where we do not show the light pseudoscalars which are not relevant for the present work. Analogously, for the vector mesons we have
Since both D and B are isospin I = 1/2 states, the total BD isospin can be 0 and 1. However, the I = 1 interaction is very small since, from the above Lagrangians, it can be obtained that the ρ and ω exchange contributions for this isospin channel have different sign and they cancel among themselves, up to the small difference between the masses squared of the ρ and ω. This is not the case for the BD interaction in I = 1, where ρ and ω contributions have the same sign. This can also be understood at the quark level by looking at the diagrams of Fig. 2 , where one can see that for the BD case in I = 1 it is not possible to exchange a vector meson at first order, while for BD it is allowed via uū exchange.
It might look that we are making use of SU (4) symmetry by using Eqs. (2) and (3), but actually writing the Lagrangian in this form is only a practical way to obtain the couplings of the heavy mesons to the light vectors, that we can also obtain in a very simple picture where the heavy quarks are spectators, in the spirit of the heavy quark formalism, and we are only making use of SU (2) symmetry. Indeed, we can write the ρ 0 , ω, sources (φ is not present in our case) as
and taking into account the vector type coupling we would have the operator
Let us study, as an example, the cases of
and the other cases follow directly from them. The heavy mesons are B 0 =bd, D + = cd and, since the heavy quarks are spectators, we have the matrix elements
for B 0 B 0 ρ 0 and
for
is the light quark initial (final) momentum. In the limit of B at rest, p µ +p ′ µ will become 2m q δ µ0 , with m q the mass of the light quark. Let us compare this with the coupling of K 0 K 0 ρ 0 (K 0 =sd), which in the limit of the K 0 at rest gives us the same contribution 2m q δ µ0 . This means that in the spectator picture for the b or s quarks the matrix element for
are the same at the microscopic quark level. However, when we write the amplitudes at macroscopic hadron level, we must take into account that the S-matrix has the field normalization factors
[59] for each external hadron (H) (see Eqs. (14)- (16) of ref. [53] ). Hence, at the macroscopic level we would have at threshold
Since
then
and in covariant form
and this is what we get straightforwardly from the use of the Lagrangian of Eq. (1 In order to evaluate the I = 0 BD interaction we need the I = 0 combination, with the doublets (
and therefore the I = 0 amplitude can be written as
The amplitudes in the bracket in the previous equation account for the diagrams in Fig. 3 . From the Lagrangian of Eq. (1), the amplitude of Eq. (13) can be readily calculated, leading to
where we have approximated m
In addition, in the derivation of Eq. (14), we have neglected the momentum transferred in the vector meson propagator. (The correction due to this effect will be taken into account below including form factors in the loop functions that will appear in the unitarization procedure.)
There is still one more issue that should be discussed since the heavy quark spectator hypothesis in the BBρ coupling has been challenged by some other approaches. Indeed evaluations using the Dyson-Schwinger equation [61] or QCD lattice simulations [62] lead to a value of g DDρ about twice as big as g KKρ = g DDρ of Ref. [63] , which we are using here in Eq. (1). However, the couplings go together with a form factor leading to a stronger off-shell reduction than the one used here. A detailed discussion of this issue and the added uncertainties to our approach, extending the discussion to the B sector, was done in section VII of Ref. [24] , concluding that it added extra uncertainties in the bindings, increasing the binding by an amount which could be as large as 40%. Although our system here is different than those studied in [24] , it still deals with heavy mesons, and the exercise done here serves to give an idea of possible uncertainties and a hint that those considerations might increase the binding that we get.
After projecting over s-wave, Eq. (14) reads • B * D * : Again the flavor structure is the same and analogous arguments than before apply. In addition, a contact V V V V term from the HGS Lagrangian attractive potential for I = 0
and repulsive for I = 1: We can think of other elements that could be exchanged, apart from the vector mesons considered. A thorough investigation of other possible mechanisms was made in Refs. [67, 68] in the study of the DD * interaction with I = 1 and its relationship to the Z c (3900) (or Z c (3885)) state in one case and in the study of BB * , B * B * interaction with I = 1 and its relationship to the Z b (10610), Z b (10650) states in the other case. This was done because in these cases there is no light vector exchange and then one could only exchange J/ψ in one case and Υ in the other, which made the vector exchange very small and gave chances to other mechanisms to contribute. One of the possible mechanisms was the exchange of two pions, uncorrelated (non interacting) or correlated (interacting). The case of two pion exchange with interacting pions gives rise to "σ" exchange in this picture, as was shown in Ref. [69] . The conclusion of Ref. [67] was that the two pion exchange still gave a factor of four smaller contribution than the DD * → η c ρ or DD * → πJ/ψ transitions that involve a D * exchange. Considering that the light vector exchange potential gives an m 
Implementation of unitarity
Using the techniques of the coupled channels unitary approach, exact unitarity can be implemented into the BD interaction, which can be carried out by means of the Bethe-Salpeter equation: (equivalent to the N/D [70, 71] or IAM [72, 73] methods)
where V is the potential, or kernel of the unitarization procedure, provided by Eq. (15) and G is the BD loop function:
for a total initial four momentum P . The regularization of the loop function G, which is logarithmically divergent, has been usually done in the chiral unitary approach by means of dimensional regularization or with a threemomentum cutoff, q max , and both usually provide equivalent results. However, it was justified in Refs. [22, 74, 75] that the cutoff method is more convenient in the heavy flavor sector and, therefore, this is the regularization method we will use in the present work. In terms of a three-momentum cutoff, the loop function reads
It was shown in ref. [76] that in order to respect heavy quark symmetry in the unitarized hadron-hadron interaction a special G function could be used which, however, was equivalent to stating that in the cutoff method the same cutoff, independent of heavy flavor, should be used. The same conclusion, with different arguments, was reached in [22] . Hence we use values of the same order as those used in BB [22] . Therefore, we will consider values q max ∈ [400, 600] MeV, where the differences in the results by varying the cutoff within this range can be considered as an estimation of the uncertainty in our calculation. In Eq. (15), V is factorized out of the loop function since the momentum in the propagator of the exchanged vector meson is neglected. However the running momentum inside the loop can reach values comparable to the exchanged vector meson mass. In Ref. [75] it was justified that this effect can be taken into account by including a factor f 2 ( q) in the integrand of Eq. (20) , where f ( q) is the form factor
The factor corresponds to the propagator of the exchanged vector neglecting the energy exchange q 0 , which is zero in the on shell diagonal transitions, BD → BD for instance, and we also take it zero in the propagator of the exchanged vector in the loops, following the on shell factorization of the potential as discussed in Refs. [70, 71] . Eq. (21) has assumed the external meson momentum to be zero. We can improve upon that, by considering an average initial momentum of the order of p = √ 2µB where B is the binding energy of the molecule and µ the reduced mass of its two components. Then q in Eq. (21) has to be replaced by ( p − q). After projecting over s-wave, for the new Eq. (21) we obtain the factor
Note that this factor is never singular because p is real, as it corresponds to an average over the momentum distribution of the molecular state.
On the other hand, in the evaluation of the B * D(D), BD * (D * ) and B * D * (D * ) interaction, there are vector mesons in the loop function whose polarization vectors should be carefully treated in the resummation implicit in the unitarization procedure. For the general vectorpseudoscalar interaction this was done in Ref. [77] , where it was shown that, using the ǫ · ǫ ′ structure in the potential, the same Bethe-Salpeter equation (18) factorizing ǫ · ǫ ′ can be used, up to a correction in the loop function of q 2 /(3m 2 V ) which we can safely neglect. Furthermore, the masses in the loop function must be changed to m D * and/or m B * accordingly for the corresponding channels.
Results
Since we are evaluating the interaction in s-wave, the possible quantum numbers of the different channels are, (16) and (17)).
By looking for poles in the second Riemann sheet of the unitarized amplitudes, Eq. (18), for Re{ √ s} above the threshold or in the physical sheet below, we can see whether the interaction is strong enough to generate dynamically a resonance in the former case or a bound state in the latter one. In the present case, for all the channels with I = 0, we find poles in the physical sheet below the threshold which thus correspond to bound states. The position of these poles, √ s p , can be identified as the mass of the generated bound state and are shown in table  I for different values of the regularization cutoff, the first number in the last four columns stands for the result for q max = 400 MeV and the second one for 600 MeV. The difference in the values obtained for both cutoffs should be regarded as the main uncertainty in our model. In the table we also show the corresponding binding energies B ≡ √ s threshold − √ s p and the values of the couplings of the different poles to the corresponding channels, which are defined considering that close to the pole
and they can be obtained by evaluating the residue of T at the pole position. We find bound states, poles below threshold, for all the channels with I = 0 at energies ranging a few hundred MeV above 7 GeV and binding energies of about 15-40 MeV for BD, B * D, BD * and B * D * interactions and about 2-10 MeV for BD, B * D , BD * and B * D * . For the latter channels, in I = 1 the interaction is repulsive and, thus, no poles are found. Note that, despite the large uncertainty in the binding energy, stemming from the cutoff dependence, the absolute size of the binding energy is small compared to the mass of the system and is of the same order of magnitude as in other heavy flavor systems [22] [23] [24] 75] . Note also that the binding energies are almost degenerate for all the channels. This is a manifestation of the independence of the binding energy on the heavy quark mass as a consequence of the HQSS [22, 76, 78] . For the BD, B * D , BD * and B * D * channels in I = 0 the binding energy is very small, therefore the claim of their correspondence to actual mesons should be taken cautiously since further refinements of the model could make the pole disappear. However, the fact that we find poles for all the range of the cutoff considered is a point in favor of their actual existence.
In the last column of table I we also show the values of the s-wave scattering lengths
with √ s th the energy of the corresponding threshold, (and where we have used the scattering length sign con-
2 ). It is worth stressing that the dynamics used here for the interaction, based on the HGS approach, stems from vector exchange. One can see that the source of attraction from this source in systems of this type is much bigger than the one obtained from pion exchange, via two step processes like BD → B * D * → BD [53, 79] . In view of this it is not surprising that in [80] no bound state for the BD system was found using one pion exchange. We would like to note here that the exchange of vector mesons has also been introduced in quark models with the name of extended chiral quark model, [81] [82] [83] [84] [85] and its effects have been found to be important.
The states found in the present work could in practice correspond to actual resonances with a narrow width which would come from subdominant channels with thresholds below the pole positions. It is worth mentioning that, according to the particle data table (PDG) [1] , no mesons with both charm and beauty (in addition to the B + c (6275)(0 − ) and the B c (2S) + (6842)(0 − )) have been experimentally discovered. It is also worth noting that the poles in I = 0 for the BD, B * D , BD * and B * D * would correspond to exotic mesons since they would contain ab andc quark at the same time. The findings in the present work are an indication that there is still much room to improve the so far scarce experimental evidence of mesons with charm and beauty which would help understand the dynamics of the heavy flavor sector.
SUMMARY AND CONCLUSIONS
We have done a theoretical study of the BD, B * D, BD * , B * D * , BD, B * D , BD * and B * D * interaction to try to see the possible dynamical generation of mesons with both charm and beauty flavors. We evaluate the interaction starting from a tree level elementary process obtained from suitable extensions of the hidden gauge symmetry Lagrangians to heavy flavor, compatible with the heavy quark spin symmetry of QCD, in order to evaluate the dominant mechanisms with a vector meson ex-change. We made a derivation of the Lagrangians in the heavy sector based on the hypothesis of having the heavy quarks as spectators. We find an attractive and sizable potential for the interaction in isospin I = 0 for all the interactions. These potentials are used as the kernel of the unitarization procedure using the techniques of the coupled channels unitary approach which only depends on one free regularization parameter. The dependence on the model on this parameter, a three-momentum cutoff, represents the main source of uncertainty of the model. By looking for poles of the unitarized amplitudes we find poles below the thresholds of the different channels with I = 0 which thus correspond to bound states with quantum numbers J P = 0 + for BD; + ) interaction we also find bound states in I = 0 but the interaction is repulsive in I = 1. These latter bound states would correspond to exotic mesons withb andc quarks.
We find several states of the type B c which do not correspond to the only two B c states so far reported in the PDG as the ground state B c and B c (2S). They are predictions that find an analogy with many states already found in the D s sector. On the other hand, we also find six new states of B(B * )D(D * ) type, with I = 0, which are clearly exotic since they contain abc pair of heavy quark, and are not of thetype. The results obtained here and the similarity of the states found to some already observed in the D s states should stimulate the experimental search of these states that should shed valuable light on hadron dynamics.
